Coarse-grained modeling of copolymer materials provides physical insights into the equilibrium thermodynamics, structure, and kinetics of directed self-assembly for patterning at the nanoscale.
Figure 1. Predicted time evolution of directed self-assembly
incompatible, high-materials. Second, as our work shows, it can provide fundamental insights into the physical mechanisms of DSA, addressing both the equilibrium structure and thermodynamics and the kinetics of self-assembly.
We have studied the salient thermodynamics of block copolymer materials by coarse-grained models that account for the macromolecular properties through only a minimal set of relevant interactions. These are the connectivity and architecture of the macromolecular backbone, the incompatibility of the different blocks, and the density and low compressibility of the polymer melt. These three interactions suffice to describe the universal aspects of self-assembly in the bulk, and their strength can be directly related to experimentally accessible quantities, i.e., the molecular size, R e , the product, N, of the Flory-Huggins parameter, which describes the repulsion between the different segments, and the number of segments. For DSA applications, the surface free energies of the polymer components in contact with the guiding patterns and surfaces (air or supporting substrate) are also relevant. Such coarse-grained models can be studied by particle simulations or can be rewritten in terms of polymer field theories or approximations of them (e.g., selfconsistent field theory). 5 Using computer simulations of coarse-grained models, we have explored the free-energy costs of mismatch in length scale or symmetry between the DSA guiding patterns and the intrinsic morphology of the block copolymer material, in collaboration with groups at the University of Chicago led by Nealey and de Pablo. A spatially localized mismatch (e.g., at a bend or a crossing of lines) can be mitigated by 'defectants' that are additional components such as short homopolymers or nanoparticles that are blended with the copolymer or that are locally generated by supramolecular bond formation/breaking. 6 In a similar way to how 'surfactants' aggregate to an interface and reduce the interfacial tension, defectants segregate to parts of the structure that differ from the bulk copolymer morphology and thereby reduce the free-energy cost of replicating this non-bulk structure by selective swelling or locally adjusting the molecular architecture. This strategy of tailoring the DSA materials increases the potential range of structures that can be fabricated by DSA.
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Self-consistent field theory 7 or more approximate descriptions, such as Ginzburg-Landau models 8 or interface Hamiltonians that are applicable to weak and strong segregation, respectively, can estimate free energies of self-assembled structures with great computational ease that allows for systematically optimizing guiding patterns for specific structures (see Figure 1) .
We have also considered the kinetics of structure formation. We used coarse-grained models to estimate the excess free energy of typical defect structures that arise in the course of DSA under non-optimized conditions. Encouragingly, defect free energies are on the order of a hundred k B T or more, where k B and T denote Boltzmann's constant and temperature, respectively. Therefore the equilibrium density of defects is vanishingly small. 9 The experimental observation of defects in the temporal course of the DSA process under non-optimal conditions thus highlights the importance of the kinetics of self-assembly. Since many macromolecules participate in a defect, the excess free energy of a defect per molecule is small, giving rise to a tiny thermodynamic driving force for defect annealing and concomitant, protracted time scales.
Tailoring the kinetics of DSA not only mitigates the formation of defects in the initial stages of DSA and facilitates defect removal, thereby reducing tempering times, but may also trap the kinetics of structure formation of the copolymer material in a desired structure even if it is only metastable. 10 For instance, guiding patterns may concurrently nucleate multiple grains of periodic structures with correlated position and orientation. 11 There have been advances in computational techniques, such as the improved string method 12 or computation of the fastest growing modes of structure formation, 13 that allow for systematically exploring the rugged, glasslike free-energy landscape, in which DSA proceeds. Nevertheless, the computational tools for predicting the kinetics of DSA are in their early stages. In view of its great potential, we expect that the computational modeling and experimental control of the kinetics of the DSA process will gain in practical importance.
In summary, we have considered the equilibrium structure and thermodynamics of block copolymer materials, as well as their kinetics of structure formation. Computational methods can estimate free energies of self-assembled structures, and in future we will work to solve the inverse problem to design lithographically manufacturable guiding patterns for specific target structures. We will pay particular attention to fluctuation effects and local details of the molecular architecture at the narrow domain interfaces that become increasingly important when highmaterials are employed to reduce structure sizes.
We expect computational modeling and experimental control of the kinetics of DSA to become increasingly important in the future. However, to fully exploit the potential benefits of this 'process-directed self-assembly,' such as eliminating the formation of defect structures in the early stages of DSA and reproducibly trapping the structure formation in desired metastable structures, we have two challenges to overcome in future work. First, we are working to refine computational methods to account for, e.g., the influence of an evaporating solvent or the role of conformational stress. Second, we need to obtain experimental information about the very initial stages of the DSA process on the time scale of seconds.
